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ABSTRACT

We report recent efforts in achieving state-of-the-art performance in type-II superlattice based infrared photodetectors
using the barrier infrared detector architecture. We used photoluminescence measurements for evaluating detector
material and studied the influence of the material quality on the intensity of the photoluminescence. We performed
direct noise measurements of the superlattice detectors and demonstrated that while intrinsic 1/f noise is absent in
superlattice heterodiode, side-wall leakage current can become a source of strong frequency-dependent noise. We
developed an effective dry etching process for these complex antimonide-based superlattices that enabled us to
fabricate single pixel devices as well as large format focal plane arrays. We describe the demonstration of a
1024x1024 pixel long-wavelength infrared focal plane array based the complementary barrier infrared detector
(CBIRD) design. An 11.5 pm cutoff focal plane without anti-reflection coating has yielded noise equivalent
differential temperature of 53 mK at operating temperature of 80 K, with 300 K background and cold-stop. Imaging
results from a recent 10 um cutoff focal plane array are also presented.
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1. INTRODUCTION

The closely lattice-matched InAs/GaSb/AISb (antimonide) material system offers tremendous flexibility in realizing
high-performance infrared detectors. Antimonide-based alloy and type-II superlattice [1] infrared absorbers can be
customized to have cutoff wavelengths ranging from the short wave infrared (SWIR) to the very long wave infrared
(VLWIR). The type-II InAs/Ga(In)Sb superlattices have several key properties that make them favorable for infrared
detection. Their band gaps can be made arbitrarily small [2]. They have sufficient absorption strength to attain high
quantum efficiency [3]. They are less susceptible to band-to-band tunneling when compared to bulk material [3,4]. They
are also capable of achieving reduced Auger recombination [5,6]. The antimonides can also be used in constructing
sophisticated heterostructures to enable advanced infrared photodetector designs. In particular, they facilitate the
construction of unipolar barriers, which can block one carrier type but allow the un-impeded flow of the other. Unipolar
barriers are used to implement the barrier infra-red detector (BIRD) design for increasing the collection efficiency of
photo-generated carriers, and reducing dark current generation without impeding photocurrent flow. Heterostructure
superlattice detectors that make effective use of unipolar barriers have demonstrated strong reduction of generation-
recombination (G-R) dark current due to Shockley-Read-Hall (SRH) processes. Despite relatively short lifetimes found
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in present day superlattice material, the higher absorber doping levels afforded by immunity to tunneling has led to

reduced diffusion dark current.

The dark current characteristics of type-II superlattice based single element LWIR

detectors are now approaching that of the state-of-the-art MCT detector. However, noise measurements highlight the
need for surface leakage suppression, which can be tackled by improved etching, passivation, and device design. The
various aspects of type-II superlattice infrared detectors have been covered in detail in review articles by Fuchs et al. [7],
Biirkle and Fuchs [8], Razeghi and Mohseni [9], and Ting et al. [10], as well as in the book by Rogalski [11]. In this
paper, we discuss some recent development in the area of type-II superlattice based infrared detectors at the Jet

Propulsion Laboratory (JPL).

2. THE COMPLEMENTARY BARRIER INFRARED DETECTOR

2.1 Theoretical considerations

Many of the key properties the type-II superlattice are
readily revealed by examining the band structure. Figure 1
shows the band structure of a (22,6)-InAs/GaSb LWIR
superlattice, calculated using an enhanced effective bond
orbital model [12] (Cartoixa et al., 2003) that accounts for
bulk-inversion asymmetry (BIA). The spin splittings in the
valence subbands along [100] are due to BIA effects. A
prominent feature of the superlattice band structure that
distinguishes it from that of the typical bulk semiconductor
is the splitting of the highest heavy hole band (hh1) and the
highest light hole band (1h1) at the zone center. While the
infrared absorption edge is determined by the gap between
the lowest conduction band (cl1) and the hhl band, the
electron effective mass is determined by the cl-lhl gap. In
unstrained bulk semiconductors, the two gaps are the same.
In the superlattice, the larger cl-lhl gap leads to a
substantially larger electron effective mass relative to that of
a bulk semiconductor with the same fundamental band gap.
The larger electron effective mass is beneficial for reducing
band-to-band tunneling as well as trap assisted tunneling. It
is also favorable for reducing diffusion dark current.

The splitting of the hh1 and lh1 subbands can also result in
the suppression of the Auger-7 recombination process, in
which a minority electron recombines with a majority hole
across the band gap, while exciting another majority hole
deeper into the valence bands. In the case of the LWIR
InAs/GaSb superlattice shown in Figure 1, because the hh1-
lh1 separation is actually larger than the c1-hhl separation
(superlattice band gap), energy and momentum
conservation considerations render it difficult to find
matching hh1-lhl transitions for c1-hhl transitions, thereby
suppressing Auger-7 events. Note that the degree to which
a given type-II superlattice can benefit from Auger
suppression depends on the details of the band structure and
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Figure 1. Conduction and valence subband structure

emanating from the zone center along an in-plane
direction (k, or [100]) and the growth direction
(k. or [001]), for an InAs/GaSb long wavelength

infrared superlattice.

Each superlattice period

consists of L,=28 monolayers (MLs), with 22
MLs of InAs and 6 MLs of GaSb.

doping levels; the subject has been studied extensively by Grein and co-workers [5,13,14, 15,16].



Another prominent feature of the band structure shown in Figure 1 is that the hhl band is nearly dispersionless along
[001], or the growth direction. Both the dispersionless hhl band structure and the increased electron effective mass
contribute to a larger joint density of states (JDOS). This results in a larger absorption coefficient, which, to first order,
is directly proportional to the JDOS. This helps to compensate for the small optimal matrix element disadvantage
inherent in type II superlattices.

The band structure in Figure 1 reveals important information about carrier transport properties which can affect detector
design. We note that the cl subband shows strong dispersion along both the growth (z) and an in-plane direction (x),
while the hh1 band is highly anisotropic and appears nearly dispersionless along the growth (transport) direction. It is
interesting to note that the electron effective mass along the growth direction is quite small (even slightly smaller than
in-plane electron effective mass), and the superlattice conduction band structure near the zone center is approximately
isotropic. This is in stark contrast to the highly anisotropic valence band structure. Recalling that carrier group velocity

is given by v=V E(k)/#%, where E(k) describes the band structure, we would expect very low hole mobility and

diffusivity along the growth direction. Therefore, for this LWIR superlattice absorber, detector designs based on hole
transport would be rather unfavorable.

To understand the physical origin for the near-isotropy
in the conduction band, and the extreme anisotropy of GasSb
the valence band, in Figure 2 we shows the schematic |

energy band diagrams the (22,6)-InAs/GaSb
superlattice, along with the positions of the c1, hhl, and
lh1 states relative to the InAs and GaSb band gaps. We
note that the cl level of the (22,6)-InAs/GaSb
superlattice is in the broken gap region (i.e., in the
energy range that does not overlap with either of the
InAs and GaSb band gaps). Therefore an electron in

the cl level can travel along the growth direction hh1 """"""""""""""""""""
without having to tunnel through any forbidden band Ih1 -
gap regions. This explains the low electron effective E

mass in the growth direction. On the other hand, we
note in Figure 2 that the hhl level is also in the broken InAs
gap region. Then why is the hhl effective mass so
large along the growth direction? The reason has to do . 5 Schemati band di f the (22.6)

: igure 2. Schematic energy band diagrams of the (22,6)-
;mth the Symmatry of the heavy-hole states. m the cl ¢ InAs/GaSb superlatticiyalong Withgthe cl, hhl, and 1hl
evel, the quantized level in the InAs conduction band

. . energy levels. The energy band gaps of InAs and

quantum well can couple to the propagating light-hole GaSb are indicated by shaded solid rectangles.
states in the GaSb layers. For the hhl level, by
symmetry the quantized heavy-hole states in the GaSb quantum well cannot couple to the propagating conduction band
states in InAs despite having the same energy, and instead has to couple to evanescent states with large wave vectors in
InAs. As a result, the quantized heavy hole states in neighboring GaSb quantum wells are essentially isolated from one
another, leading to the nearly dispersionless hh1 band.

2.2 CBIRD design and characterization

Superlattice infrared detectors based on heterojunction designs, particular those based on unipolar barrier designs, have
demonstrated clear advantages over their homojunction counterparts. The term “unipolar barrier” describes a barrier
that can block one carrier type (electron or hole) but allows the un-impeded flow of the other [17,18,19]; the concept of
the unipolar barrier has been in existence since 1963 [20,21], in connection with the double-heterostructure laser.
Broadly speaking, the typical heterojunction superlattice infrared detectors are either based on the nBn/pBp/XBn design
[22,23,24,25,26,27,28], or variations of the double heterojunction (DH) design. The first category includes the single-
band superlattice nBn detector [29], the dual-band superlattice nBn detector [30], the superlattice pMp detector [31], and



the superlattice pBn detector [32]. The second category includes the superlattice DH structure [33,34], the p-n-M-n
detector [35], and the PbIbN structure [36]. At JPL, we have been working with the complementary barrier infrared
detector (CBIRD) [19] structure, which is also a variation of the DH design.

The CBIRD design, consists of an
InAs/GaSb absorber SL sandwiched < AISb
between an InAs/AlSb unipolar hole | | |
barrier (hB) SL, and an InAs/GaSb InAs !

unipolar electron barrier (eB) SL. !

Figure 3 shows calculated energy band
diagrams of the CBIRD device. = We E
expect the InAs/GaSb LWIR SL to L
have more favorable electron transport z
properties. Therefore the absorber
superlattice is doped lightly p-type so
that we have better minority carrier / INAsSb
(electron) mobility. A full description {- EEEmEEEsEEsEE------- E

I

GaSb InAs GaSb InAs

of the device structure is published Absorber SL eB ¢
elsewhere [19]. The device structure hB SL|

was grown on GaSb (100) substrate by sL | |

molecular beam epitaxy (MBE).
Standard  contact mode  optical | I

lithography was used to fabricated e E
large-area (220x220 pm®  in  size) __}

devices for dark current and

resppnsnnty measurements.  Detailed Figure 3. Calculated zero-bias energy band diagram of a complementary barrier
deV1.ce results have been rgpor‘[ed infrared detector (CBIRD) structure, where a long-wave infrared InAs/GaSb
carlier [19]. Here we summarize the superlattice absorber is surrounded by an InAs/AlISb superlattice hole-blocking
key points. (hB) unipolar barrier and a shorter period InAs/GaSb superlattice superlattice

electron-blocking (eB) unipolar barrier. The schematic energy band diagrams of

the InAs/AlSb and InAs/GaSb superlattices are shown on the top, with the direct
In the device reported in Reference 19, energy band gaps of InAs, GaSb, and AISb indicated by shaded solid rectangles.

we observed that the photoresponse

increases with bias from 0 to ~0.2 V, and then plateaus for bias greater than 0.2 V. The 77 K dark current density at 0.2
V is still quite low, with a value of ~1x10” A/cm®. Arrhenius plot shows that at 0.2 V, the dark current is diffusion
limited for device temperature above ~77K. Spectral response measured under 0.2 V applied bias at 77 K shows that
the device has a 10 um cutoff (defined by 50% peak responsivity), with a peak responsivity of 1.5 A/W. We calculated
the shot-noise limited black-body D*, where the noise spectrum is determined by the measure dark current and
photocurrent integrated over the 8 pum to 10 um spectral range (the overlap between the atmospheric window and the
detector cutoff). Under 0.2 V, the detector reaches 300 K BLIP operation at 86 K with a black-body BLIP D* value of
1.1x10" cm-Hz"*/W for /2 optics. For 300K background with 27 field of view, the device shows a BLIP temperature
of 101 K with a black-body BLIP D* value of 2.6x10' cm-Hz"%/W. The device has a zero-bias dynamic resistance-area
product of R,4 =14,000 ohm-cm? at 77 K. However, since the detector is expected to operate at a higher bias (~0.2 V), a
more relevant quantities is the effective resistance-area product, given by RA.s =kT/qJ,. Under a 0.2 V bias, the R4
for this device is 670 ohm-cm? at 77 K.

As a general comment, we note that superlattice heterostructure infrared detectors now have dark current performance
approaching that of MCT detectors. However, MWIR and LWIR superlattices [37,38,39] studied thus far appear to have
relatively short lifetimes compared to MCT [40,41]. Direct time-resolved photoluminescence measurements of an
MWIR SL yielded a lifetime of 80 ns at 77K [37], while indirect inference through dark current analysis of an LWSL SL
yielded a lifetime of 35 ns [39]. The question then arises as to why the observed dark current densities are not
correspondingly worse for the superlattices. This turns out to be related to suppressed tunneling in superlattices. Recall



that the diffusion dark current density from the p-side of a pn diode is given byJ = qnizLN /(N ), where n; is the

diff
intrinsic carrier density, Ly is the diffusion length or absorber width, whichever is shorter, N, is the acceptor dopant
density, and 7, is the minority carrier (electron) lifetime. In a typical LWIR superlattice, the doping density is on the

order of p=1 to 2x10'® cm™, which is considerably higher than the doping level found in the LWIR MCT (typically low
10" em™). This is possible because of tunneling current suppression in superlattices. The higher doping compensates
for the shorter lifetime, resulting in relatively low diffusion dark current. To achieve the true promise of superlattices
with performance exceeding that of MCT requires the understanding of the origin of the relatively short carrier lifetimes
found in the current generation of superlattices, and developing methods for increasing carrier lifetime.

Optical characterization tools are invaluable in the study of the material properties of CBIRD detectors. We have been
investigating CBIRD devices using two different optical characterization techniques: photoluminescence (PL) and
transmission spectroscopy. We find that the absorption quantum efficiency (QE), deduced from the transmission
measurements, served as a good estimate of the upper limit of the external QE, and the PL peak position was shown to
correlate well with the detector cut-off wavelength. In a comparison between the PL intensity and the dark current
characteristics, a good correlation between a high PL intensity and low dark current was observed, showing that the PL
intensity well reflects the material quality. Also, SRH processes were identified as the limiting factor of the minority
carrier lifetime of the CBIRD material studied. More details of these optical characterization results can be found in
Reference 42.

We have also experimentally investigated the noise and gain of high-performance LWIR superlattice photodetectors. We
compare the recently demonstrated SL heterodiode, which exhibits an electrical gain much larger than unity, with a SL
photodetector without gain to show that the electrical gain in these devices originates from the device structure rather
than from the superlattice absorber. We directly measure the noise spectra of high performance superlattice photodiodes,
and demonstrated that intrinsically SL photodetectors do not exhibit 1/f noise. At the same time, our measurements
clearly show that sidewall leakage current not only increases the shot noise by contributing to higher dark current but
more importantly, it also introduces additional frequency dependent noise (potentially //f noise), resulting in much
higher noise in the detector. The 1/f noise has been extensively studied in p-n junctions. In particular, in MCT
photodiodes, 1/f noise has been often associated with modulation of the surface generation currents induced by
fluctuations of the surface potential. While the mechanisms of the surface leakage current in the Sb-based SL
photodiodes are not completely understood yet, evidently the surfaces current can be a source of extraneous noise in
these devices similar to MCT detectors. Since strong frequency-dependent noise can be generated by sidewall leakage
current, it is important to fabricate the high performance SL detectors and focal plane array (FPA) using the technology
that can minimize the mesa side-wall leakage current. One way to achieve this result is by development of reliable
sidewall passivation that can suppress the leakage current and prevent the onset of frequency-dependent noise. More
details of these noise and gain studies can be found in Reference 43.

We have also developed a dry-etch technique for pixel isolation for achieving low surface leakage for LWIR superlattice
detectors. The surface leakage was reduced through the etching mechanism by minimizing the amount of differential
etching and removing unwanted native oxides, byproducts, and contaminants on the sidewalls. The advantages to both
chlorine-based and methane-based plasmas were exploited and combined to achieve over two orders of magnitude
improvement in dark current compared to diodes etched with BCly/Ar. The CH4/H,/BCl;/Cly/Ar etch exhibited
comparable electrical performance to wet etched samples, with great improvements in structural properties. Near-
vertical, smooth sidewalls with minimal dielectric mask erosion were achieved with good anisotropy resulting in more
than three times higher fill factor. These performance enhancements allow small pixel size, large format LWIR FPAs to
become more realizable. More details of the dry-etch technique can be found in Reference 44.

3. CBIRD FOCAL PLANE ARRAY DEVELOPMENT

This high-performance CBIRD device reported in Reference 19 has an N-p junction near the top surface. It collects
electrons at the detector top contact and requires an n-on-p (or top positive polarity) read out integrated circuit (ROIC).
The most commonly available ROICs are for p-on-n devices, which would need to operate with a reversed CBIRD
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Figure 5 An image taken with the LWIR p-CBIRD FPA.
device structure that collects holes from the top. We call the

top electron and hole collecting devices n-CBIRD and p-

CBIRD, respectively. We have grown both n-CBIRDs and p-CBIRDs on GaSb wafers. The epitaxially grown material
was processed into 200 pm diameter mesa photodiode test structures using dry etch processing. The dark current-
voltage characteristics of these test devices are shown in Figure 4. Structurally the p-CBIRD is the n-CBIRD grown in
reverse order, and thus should have very similar I-V characteristics. However, while the reverse-bias I-V characteristic
of the n-CBIRD appears nearly diffusion limited, the p-CBIRD clearly is not. One possible explanation the observed
difference is dopant migration. Nominally, the pN junction is at the absorber/hB SL interface. In the n-CBIRD, during
growth, p dopants in the absorber can migrate into the hB SL grown on top of it, moving the junction into the wider gap
hB SL. The opposite happens in the p-CBIRD, placing the junction in the narrow gap absorber region, which facilitates
trap-assisted tunneling processes.

A prototype 1024x1024 focal plane array (FPA) without anti-reflection coating was fabricated using the p-CBIRD
material. This initial array has a pixel operability of 96.3%. The measured FPA quantum efficiency is 21%. The cutoff
wavelength is 11.5 um. The noise equivalent differential temperature (NEAT) of 53 mK was obtained at an operating
temperature of 80 K, with 300 K background and cold-stop. An image taken with the first megapixel LWIR p-CBIRD
SL camera is shown in Figure 5. The p-CBIRD FPA is reported in more detail in Reference 45. We have also fabricated
a 320%x256 format FPA based on the n-CBIRD design. Figure 6 shows a set of images taken with this FPA at an
operating temperature of 78K. The 50%-responsivity cutoff wavelength for this array is 10 pm. Preliminary analysis
indicates an operability of 98%, and an NEAT of 26 mK with 300 K background.

4. CONCLUSIONS

The antimonide material system is relatively robust and has the potential for good manufacturability. The versatility of
the material system, with the availability of three different types of band offsets, provides great flexibility in device
design. In the MWIR, the use of unipolar barriers in the nBn design has already seen success. In the LWIR, type-II
InAs/Ga(In)Sb superlattices have been shown theoretically to have reduced Auger recombination and suppressed band-



to-band tunneling. Suppressed tunneling allows for higher doping in the absorber, which has led to reduced diffusion
dark current. Heterostructures such as those based on the CBIRD design have been used effectively to suppress G-R
dark current. As a result, the dark current performance of antimonide superlattice based single element LWIR detectors
are now approaching that of the state-of-the-art MCT detector, with sufficient performance for tactical applications and
potential for strategic applications [46]. To date, the antimonide superlattices still have relatively short carrier lifetimes;
this issue needs to be resolved before type-II superlattice infrared detectors can achieve their true potential. Reliable
surface leakage current suppression methods, such as that based robust surface passivation, would be needed to achieve
high-performance in focal plane arrays. Preliminary focal plane arrays results are highly encouraging.

Figure 6. Images taken with a 320x256 format LWIR n-CBIRD focal plane array at
an operating temperature of 78K. The detector cutoff wavelength is 10 pm.
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